Energy dissipative processes play a key role in how quantum many-body systems dynamically evolve towards equilibrium. In closed quantum systems, such processes are attributed to the transfer of energy from collective motion to single-particle degrees of freedom; however, the quantum manybody dynamics of this evolutionary process are poorly understood. To explore energy dissipative phenomena and equilibration dynamics in one such system, an experimental investigation of deepinelastic and fusion-fission outcomes in the 58 Ni+ 60 Ni reaction has been carried out. Experimental outcomes have been compared to theoretical predictions using Time Dependent Hartree Fock and Time Dependent Random Phase Approximation approaches, which respectively incorporate onebody energy dissipation and fluctuations. Excellent quantitative agreement has been found between experiment and calculations, indicating that microscopic models incorporating one-body dissipation and fluctuations provide a potential tool for exploring dissipation in low-energy heavy ion collisions.
The dynamic evolution of perturbed quantum manybody systems towards equilibrium is a topic of great interest in many fields, including quantum information [1] , condensed matter [2] [3] [4] [5] , and nuclear physics [6] [7] [8] [9] [10] . Energy dissipation-the transfer of energy from collective motion to internal or external degrees of freedomshapes this dynamic evolution, playing a significant role in whether and how such complex systems achieve full equilibration. To date, a great deal of effort has focused on quantum systems in which energy dissipation is brought about via contact with an external environment (e.g., gas, photons, etc.) [11, 12] . Much less is known about energy dissipation that arises from internal degrees of freedom [2, 5, 13] .
One testing ground for the exploration of energy dissipation due to internal degrees of freedom can be found in heavy ion collisions. The nuclear collision process results in a closed composite quantum system that is isolated from external environments during the time of the collision (a timescale of several zeptoseconds, prior to particle emission), rapidly evolves towards equilibration in many degrees of freedom, and undergoes significant excitation and internal rearrangement throughout the equilibration process. Through the manipulation of collision entrance channel parameters (projectile-target combinations and energies), a range of factors with the potential to affect energy dissipation can be explored. Typical timescales for energy dissipation in such systems could in principle vary from isospin and mass equilibration times on the order of 0.3-0.5 zs [14, 15] and ∼5 zs [16, 17] , respectively.
In nuclear reactions, the observation of the total kinetic energy of the reaction products (TKE) offers a direct measure of energy dissipation. The observation of the masses of reaction products via direct or indirect methods offers a measure of system equilibration in a key degree of freedom, and can be used to explore fluctuations in reaction product masses as a function of TKE. One or both observables have often been used to explore energy dissipative outcomes in nuclear physics (see, e.g. [18] ). In this work, we will explore the TKE and mass degrees of freedom for binary outcomes of collisions between 58 Ni and 60 Ni at energies near the Coulomb barrier.
We have chosen to study low-energy collisions between 58 Ni and 60 Ni for several reasons. First, the entrance channel is close to symmetry. This means we can focus on quantum fluctuations without taking into account macroscopic mass drift effects while avoiding the experimental difficulties that come with symmetric reactions (e.g. normalization with Mott scattering, indistinguishability of projectile-like and target-like outcomes). Second, the system is relatively heavy-meaning it truly qualifies as a composite many-body system-but is still light enough that the charge product, and thus, the Coulomb repulsion, of the system is fairly small, allowing for long contact times. Most importantly, the system is accessible via both experiment and theory, using stable heavy ion beams in the former case, and microscopic approaches employing one-body dissipation (Time-Dependent Hartree Fock, or TDHF [19] ) and fluctuations (Time Dependent Random Phase Approximation, or TDRPA [20] ) in the latter.
The
58 Ni+ 60 Ni experiment was performed at the ANU Heavy Ion Accelerator Facility (HIAF) using the 14UD tandem accelerator, CUBE two-body fission spectrometer [21] and two monitor detectors at 18
• for cross section normalization. (Color online) Mass ratio distributions from the 58 Ni+ 60 Ni reaction for a range of E/VB. In (a), a 65
• < θc.m. < 115
• gate has been used to ensure full detector coverage. The thin vertical lines indicate the expected mass ratios for the projectile and target nuclei. The inset shows a zoomedin version of the E/VB=0.83 mass ratio distribution on a linear scale. In (b), a gate has been placed on TKE that excludes 99% of the Rutherford scattered events, together with a 85
• < θc.m. < 95
• gate that isolates mass ratios corresponding to the region where fusion-fission events are expected to be found. The orange line shows 58 Ni+ 58 Ni data at E/VB = 0.83 without angle or TKE gate. No background subtraction has been applied to any of these mass distributions.
relative to the beam axis and a distance of 22.24 cm from the target. The detectors provided energy loss, time of flight, and (x, y) position information with a resolution of 1 mm. From this, a full kinematic reconstruction of each two-body event was performed using the kinematic coincidence method [21, 22] , providing total kinetic energy (TKE), mass ratio
, where M i are the masses of the two fission fragments, and scattering angle information.
Calibrations were performed with a 58 Ni beam of 158.4 MeV bombarding (50, 60)-µg/cm 2 58,60 Ni targets. Mott or Rutherford scattering were used to calibrate the geometry of the setup, define the mass-ratio resolution of CUBE, and provide a solid angle calibration for cross section measurements. Figure 1 shows the evolution of mass ratio distributions observed for 58 Ni+ 60 Ni with E/V B , or energy E relative to the experimental fusion barrier V B =96.87 MeV [23] in the center-of-mass frame. In Fig. 1 (a) , an angular acceptance of 65
• < θ c.m. < 115
• has been used to exclude regions where detector coverage is incomplete. The lowest energy distribution (red line, E/V B = 0.83), exhibits a double-peaked structure as highlighted by the linear scale inset of the same data. This is consistent with expectation for elastically scattered projectile (M R = 0.49) and target (M R = 0.51) nuclei. As E/V B is increased, the double peak becomes a single peak due to mass equilibration, and the previously narrow mass ratio distribution develops a second, wide component.
In Fig. 1 (b) , the wide component of the mass-ratio distribution at higher energies is highlighted by applying two gates: one around θ c.m. = 90
• that minimizes elastic and deep-inelastic events, and one below TKE = E c.m. − 6.5 MeV that excludes ∼99% of the Rutherford scattering events. As beam energy increases, the narrow (wide) component of the mass ratio distribution decreases (increases) in yield. At the highest energy, almost no trace of the narrow component remains. For reference, the 58 Ni + 58 Ni mass ratio (orange) shows the experimental mass-ratio resolution for an individual nuclide.
To identify the various reaction outcomes contributing to the mass-ratio spectra in Fig. 1 , the experimental TKE information must also be considered as it provides information on whether energy dissipation has occurred. In Fig. 2 , θ c.m. versus TKE is shown for three representative energies (overlaid with calculations, to be discussed below). The highest intensity (light yellow) regions at high TKE values are consistent with elastic scattering energies. Events with lower TKE values, present in each case (for example, below ≈ 110 MeV in Fig. 1 (a) ), provide evidence of energy dissipative reaction processes as early as E/V B = 1.14. Such events could correspond to either deep-inelastic or fusion-fission outcomes.
The main distinguishing experimental features for deep-inelastic and fusion-fission processes here are that fusion-fission outcomes should have full energy dissipation (e.g. appear in a flat TKE band, like that seen in Fig.  2 (c) around ≈ 80 MeV) and exhibit a wide mass distribution (indicating that significant mass transfer has occurred), while deep-inelastic collisions only need to show energy dissipation relative to expected elastic scattering TKE values and may involve only a small amount of mass transfer (i.e. the incoming and outgoing reaction channel masses can be similar). From Fig. 1(b) , it is clear that the wide mass ratio component of the data (which is consistent with fusion-fission) does not become important until E/V B ∼ 1.27. Based on the experimental information alone, it is unclear whether the wide mass-ratio distributions observed in Fig. 1 are solely due to fusionfission, a deep-inelastic process, or some combination of the two.
To explore the relationship between experimental observables (θ c.m. , TKE) and impact parameter b, and to examine the origin of the wide mass ratio component, microscopic approaches TDHF and TDRPA have been used. TDHF is a mean-field approach incorporating onebody dissipation that has previously been used to explore dynamical reaction processes such as quasifission [10, [24] [25] [26] [27] [28] [29] [30] . In this work, a 3D TDHF code [31, 32] , employing the SLy4d parametrization [33] of the Skyrme energydensity functional [34] has been used to explore reaction outcomes for 58, 60 Ni+ 60 Ni at the three representative energies shown in Fig. 2 timescale of 13 zeptoseconds, and the minimum impact parameter for each calculation set was chosen to correspond to the minimum value at which the di-nuclear system was observed to reseparate into two components over this timescale. Below these minimum impact parameters, it is assumed that fusion is the most probable outcome-an assumption that is supported by calculated moments of inertia for impact parameters below the minimum range, which indicated convergence towards a compact system (see Supplemental Material [35] ). The maximum impact parameter for all calculations was chosen to be 10 fm. In Fig. 2 , each experimental dataset has been overlaid with the results of these TDHF calculations. Each diamond pair represents the calculated average θ c.m. and TKE value obtained from a given impact parameter calculation for the 58,60 Ni+ 60 Ni reactions. Impact parameters corresponding to selected points along these trajectories in (θ c.m. , TKE)-space have been noted; we will henceforth call these trajectories in (θ c.m. , TKE)-space "impact parameter trajectories". Both reactions yield a similar evolution in (θ c.m. ,TKE)-space. For the three representative calculations, the largest impact parameters (at high TKE values) result in little energy dissipation (yielding points near elastic scattering outcomes), while the smallest impact parameters (at low TKE values) exhibit significant energy dissipation. The impact parameters for each calculation are not evenly spaced to capture the rapid change in dynamics in the small impact parameter range.
As one can see from Fig. 2 (a-c) , the TDHF impact parameter trajectories follow the trends in the data quite well over the full experimental angular range. Outcomes for small impact parameters exhibit increased energy dissipation and di-nuclear system rotation before reseparation relative to outcomes for large impact parameters. In the calculations, we define contact time as the time during which the density overlap between the fragments is ρ >0.001 fm −3 (selected to provide a smooth evolution in contact time as a function of b, as discussed in [35] ). This generally increases as b decreases, thus allowing more time for both rotation and energy dissipation to occur.
So far, we have found that the reaction outcomes are characterized by (i) strong TKE-angle correlations, and (ii) a transition between narrow and wide components in the fragment mass distributions. The next step is to investigate the correlation between energy dissipation and mass fluctuations in the fragments. Experimentally, we can achieve this by examining the evolution of σ M R , the standard deviation of a Gaussian fit to the mass ratio distribution along the TDHF impact parameter trajectories. To compare this to theory, we need to first examine the ability of microscopic theories to reproduce this evolution of σ M R along the impact parameter trajectories shown in Fig. 2 .
Because of its mean-field nature, TDHF is optimized to calculate the average of one-body observables (e.g., fragment mass, charge), but underestimates their fluctuations [36] . A realistic estimate of the latter can be obtained with TDRPA [20] , an extension of TDHF that successfully reproduced mass distribution widths in 40 Ca+ 40 Ca [7] . The TDRPA dispersion formula can be derived from the stochastic mean-field approach [37] . TDRPA is used to calculate fluctuations in particle number A in the fragments, which can be interpreted as a standard deviation σ A = (A 2 − A 2 ) 1/2 only in the case of symmetric collisions. σ A can then be used to compute the calculated equivalent of σ M R by dividing by the compound nucleus mass number. As Fig. 2 showed, the TDHF trajectories for 58,60 Ni+ 60 Ni were found to be very similar; therefore, the calculated 60 Ni+ 60 Ni trajectories and σ M R values will be used in the discussion below. For completeness, we have also computed fragment mass fluctuations in 58 Ni+ 60 Ni with TDRPA, to see if the asymmetry is small enough to allow an interpretation of the TDRPA mass fluctuations as σ A in this system. The details of this calculation can be found in [35] .
To compare calculations to observation, a series of scattering angle and TKE gates were placed on the data along the TDHF trajectories identified in Fig. 2 . Each gate was centred on the θ c.m. and TKE value resulting from each TDHF impact parameter calculation where detector coverage was complete. The gate widths were chosen as follows: (i) TKE gate widths were ≈5 MeV, corresponding to the observed full-width-half-max of the TKE for elastic scattering events in the 58 Ni+ 60 Ni calibration run at E/V B = 0.83, and (ii) θ c.m. gate widths were 5
• , as this width yielded reasonable statistics in the mass distributions. The resulting experimental σ M R values are shown as a function of TDHF impact parameter b in Fig.  3 (a) for the highest energy measurement. Here, σ M R decreases sharply over a narrow impact parameter range.
The largest σ M R values, found at the smallest impact parameters, correspond to mass ratio widths consistent with those observed for fusion-fission outcomes in heavier systems (see, e.g., [22, 38, 39] ).
The TDRPA results for 60 Ni+ 60 Ni are also shown in Fig. 3 (a) . The agreement between the theoretical (masssymmetric) and experimental σ M R is remarkable, considering the fact that the only input of TDRPA (and TDHF) is the choice of the effective interaction. This conclusion holds for all three energies. For the reaction at E/V B =1.14 and minimum impact parameter b = 3.8 fm, σ M R,expt = 0.027(9) and σ M R,calc = 0.017; for the reaction at E/V B =1.27 and minimum impact parameter b = 5.0 fm, σ M R,expt = 0.025(9) and σ M R,calc = 0.017. Experimental errors on σ M R given here originate from the detector resolution, as determined from the 58 Ni+ 58 Ni calibration data. In both cases, experimental σ M R values then decrease quickly to the CUBE resolution limit as b is increased.
The TDHF and TDRPA calculations also reveal something about the wide mass component of the highest energy reaction that the experimental data cannot: the reaction timescale. As shown in Fig. 3 (b) , the widest calculated σ M R values result from reactions with longer contact times ( 3 zeptoseconds). These calculated mass distribution widths are consistent with those observed for the wide mass component of our experimental data, supporting the idea that this wide mass component results from systems that have more time to undergo mass exchange prior to reseparation. This suggests that the wide mass ratio component of the experimental data could originate from both deep-inelastic and fusion-fission processes, where the ∼4 zeptosecond timescale applies to the former process and a much longer (> 10 −20 s) timescale to the latter. Remarkably, the fact that the largest calculated mass ratio widths could be consistent with those expected for fusion-fission, where full mass equilibration has by definition occurred, also suggests that full mass equilibration can be achieved over a timescale of only ∼4 zeptoseconds for this reaction. This timescale range is consistent with the 5-10 zs timescales observed for quasifission outcomes in some heavier systems [16, 17, 40] .
In summary, this work illustrates the strong quantitative agreement between experiment and a quantum many-body approach including only a one-body dissipation mechanism for low-energy heavy ion collisions, supporting the idea that such approaches are highly appropriate for exploring energy dissipative processes in composite quantum many-body systems. The 4-zeptosecond timescale for the mass equilibrated deep-inelastic outcome, as calculated by TDRPA, suggests that the microscopic mechanisms driving mass equilibration can operate very rapidly in low-energy heavy ion reactions.
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COMPUTATIONAL DETAILS
For the TDHF calculations, we used a computational code developed in University of Tsukuba [1] . In the code, single-particle orbitals are represented in threedimensional Cartesian coordinates without any symmetry restrictions and with hard boundary conditions. The coordinate space is discretized into uniform grids with a mesh spacing of 0.8 fm. Spatial derivatives are evaluated by an 11-point finite-difference formula. For time evolution, a 4th-order Taylor-expansion method is used with ∆t = 6.7 × 10 −4 zs (1 zs = 10 −21 sec). The Coulomb potential is computed employing Fourier transformations.
For the energy density functional, we used the Skyrme SLy4d parameter set [2] . TDHF calculations were performed for the 58,60 Ni+ 60 Ni reactions at E/V B = 1.14, 1.27, and 1.40. The Hartree-Fock ground state of 58 Ni is slightly deformed in a prolate shape with β ≈ 0.12, while that of 60 Ni is of spherical shape. For the 58 Ni+ 60 Ni reaction, the symmetry axis of 58 Ni was always set perpendicular to the reaction plane. The initial separation distance between projectile and target nuclei for TDHF calculations was set to 24 fm along the collision axis. When binary reaction products were generated, time evolution was continued until t = t f after the collision, at which point the relative distance between the reaction products reaches 26 fm. When two nuclei merged, forming a composite system, time evolution was continued up to around 13 zs. If the composite system kept a compact shape (as quantified by moments of inertia, see Sec. ) within this period, we regarded it as a fusion reaction. The minimum impact parameter b min inside which fusion reactions take place was obtained by repeating TDHF calculations with an 0.01-fm impact parameter step. For the 58 Ni+ 60 Ni reaction at E/V B = 1.14, 1.27, and 1.40, respectively, we found b min = 3.44, 4.61, and 5.03 fm, while those for the 60 Ni+ 60 Ni reaction were found to be b min = 3.74, 4.79, and 5.13 fm, respectively.
The TDRPA calculations were carried out by extending the computational code that was used for the TDHF calculations. Here we recall only an essential part of the computations, and we refer Refs. [3, 4] for details of the technique. The fluctuation and correlation can be computed based on TDRPA with minor modifications of an existing TDHF code. Generally, the correlation between two one-body observables is given by
whereX andŶ denote arbitrary one-body operators. The fluctuation of a one-body observable corresponds to theX =Ŷ case. To compute fluctuations and correlations of neutron, charge, and mass numbers of a reaction product, the operators are taken as the number operator for a spatial region V in which the reaction product exists. At the time t = t f after collision, at which one wants to evaluate those fluctuations and correlations, one can transform single-particle orbitals as
where ε is an infinitesimal constant. The step function Θ(r) is equal to 1 within the subspace V , and 0 elsewhere. ψ α (rσq, t f ) denotes the αth single-particle orbital at time t = t f with spatial, spin, and isospin coordinates r, σ, and q, respectively. Note that ξ X = 1 for
(q = n or p). For the transformed single-particle orbitals, Eq. (2), a "backward" TDHF evolution from t = t f to t i is performed, where t i is the initial time of the TDHF calculation. From the backward evolution, we obtain ϕ
(rσq, t i ; ε). The fluctuations and correlations can then be evaluated as
where
The subscript '0' in Eq. (3) means that ϕ (0) α (t i ) is computed by the backward evolution usingX = 0, namely, without multiplying the phase factor at t = t f . The usage of η 00 improves numerical accuracy. In practice, the spatial region V is taken as a sphere with a radius of 13 fm around the center-of-mass of the projectile-like fragment. The infinitesimal constant ε has to be small enough to ensure a convergence of the calculation. The convergence was confirmed taking ε = 10 −2 , 10 −3 , and 10 −4 . We used ε = 10 −4 for the E/V B = 1.27 and 1.40 cases, while ε = 10 −3 was used for the E/V B = 1.14 case.
REACTION DYNAMICS
Here we present typical reaction dynamics observed in the TDHF calculations. Figure 4 shows the contour plots of the density of colliding nuclei in the reaction plane at various times for the 60 Ni+ 60 Ni reaction at E/V B = 1.40. In upper panels (a), dynamics for the b = 5.12 fm case is shown, which we regarded as a fusion reaction (see discussion in Sec. ). Note that the times are not uniformly changed in the bottom panels in (a). In lower panels (b), dynamics for the b = b min = 5.13 fm case is shown, which corresponds to a binary reaction. Up to t = 3 zs, the dynamics is very similar in both two cases. In the b = 5.12 fm case, the system still holds clear dinuclear structure at t = 4 zs, and then it does not reseparate for a long time, showing a mononuclear shape without clear neck structure (t = 13.33 zs). On the other hand, for the b = 5.13 fm case, the system evolves toward reseparation, as can be seen from the thinner neck structure at t = 4 zs. The right-bottom frame corresponds to t = t f after the collision, at which point various quantities are computed.
An important quantity that characterizes the reaction dynamics is the total kinetic energy (TKE) of the fragments, which can be a direct measure of the energy dissipation. At t = t f after the collision [e.g. the right-bottom panel of Fig. 4 (b) ], we evaluate the total kinetic energy as
where µ = mA 1 A 2 /(A 1 + A 2 ) is the reduced mass (m is the mass of a nucleon), A i and Z i (i = 1, 2) are the mass and charge of each fragment, R andṘ are a relative vector connecting center-of-mass positions of the fragments and its time derivative, respectively. From the information of the position and the velocity of the fragments, the scattering angle (an asymptotic value for R → ∞ including the correction of the Coulomb potential for t > t f ) can also be evaluated. Those quantities will be given in Sec. . 
MOMENT OF INERTIA
TDHF-TDRPA simulations only give access to the early stage of the formation of the compound nucleus. These calculations are generally run over few 10 zs (13 zs in this work). Beyond these relatively short timescales, neglecting the collision terms of the residual interaction would not be valid. As a result, TDHF calculations, as well as their extensions, cannot be run long enough to allow for investigation of the competition between evaporation and fission of the compound nucleus. Instead, we determine whether an outcome (on average) leads to fusion by looking at how the moment of inertia of the dinuclear system evolves as a function of time.
In order to examine stability of a fusing system, we investigate its effective moment of inertia, I eff . The effective moment of inertia is given by [5] 
where I (⊥) denotes an eigenvalue of the moment-ofinertia tensor,
where x i=1,2,3 denote x, y, and z coordinates, respectively. I corresponds to the smallest eigenvalue, while I ⊥ corresponds to average of the other two eigenvalues.
In Fig. 5 , we show the time evolution of a ratio, I 0 /I eff (t), in the 58 Ni+ 60 Ni (top) and 60 Ni+ 60 Ni (bottom) reactions for the highest energy case (E/V B = 1.40) at various impact parameters. I 0 corresponds to the moment of inertia of a spherical nucleus, I 0 = 2 5 mAR 2 0 , where A is the mass number of the composite system and R 0 = 1.225 A 1/3 . For 58 Ni+ 60 Ni ( 60 Ni+ 60 Ni), we observed binary reaction products for b ≥ 5.03 fm (b ≥ 5.13 fm). As shown in the figure, for b ≤ 4 fm cases, the composite system becomes a compact shape within relatively short time, t 1 zs. Then, the system persists in a compact shape, as one can see from the convergent behavior of the moment of inertia in Fig. 5 . At impact parameters very close to the border between capture and binary reactions, the moment of inertia first increases up to around t = 3-4 zs, then decreases, showing a convergent trend [see also Fig. 4 (a) ] (strictly speaking, except b = 5.02 fm case in 58 Ni+ 60 Ni, where the moment of inertia is not converging, but remains almost constant). From the convergent behavior of the moment of inertia, we consider that the average outcome of those reactions would correspond to fusion.
CONTACT TIME
The TDHF approach allows the evaluation of contact (sticking or interaction) time of two nuclei directly from the time evolution of the colliding system. From a TDHF calculation, one obtains the total density of the system at each time, ρ(r, t). By monitoring the density between two colliding nuclei, we can measure how long they stick together, forming a dinuclear system connected with a neck structure.
In Fig. 6 , we show the contact time in the 60 Ni+ 60 Ni reaction at E/V B = 1.40 as a function of the impact parameter. The contact time is shown in zeptoseconds, and is defined as a time duration in which the lowest total density between the colliding nuclei exceeds a critical value, ρ > ρ c . In the figure, contact times obtained with four different critical densities, ρ c = 0.001, 0.005, 0.01, and 0.08 fm −3 are presented.
From the figure, one can see that the contact time is zero for trajectories at large impact parameters, b 9 fm. As the impact parameter decreases, the contact time increases sharply, reaching the maximum value (≈ 4 zs), at the border between fusion and binary reactions. We find that a smaller value of the critical density provides a contact time which is more sensitive to a formation of a dilute neck (b ≈ 6-7 fm). As we observe a smooth decrease of the contact time as a function of the impact parameter for the ρ c = 0.001 fm −3 case, we employed this criteria in the present work. 
REMARKS ON TDRPA RESULTS
In this Letter, we have examined dissipation and equilibration mechanisms in the 58 Ni+ 60 Ni reaction. If one applies TDRPA to the 58 Ni+ 60 Ni reaction, however, fluctuations and correlations can be unphysically large due to a fundamental problem that lies in the present formulation of TDRPA. The fluctuations and correlations of one-body operators,Q i , can be computed from the expectation value ofÂ ≡ e − i εiQi (8) in the limit ε i → 0 as
QiQj . The Balian-Vénéroni variational principle [6] , which leads to Eq. (3), is optimized for the time-evolution of observables in the form likeÂ(t) in the Heisenberg picture. Since higher-order terms are neglected in the derivation, it implicitly assumes that the distribution is symmetric around the average value. Thus, if the distribution becomes asymmetric, it may lead to unphysical results. Our analysis confirmed that this problem arises even in a quasi-symmetric system, 58 Ni+ 60 Ni. Figure 7 depicts the difference of situations encountered in (a) a symmetric system, like 60 Ni+ 60 Ni, and (b) in a quasi-symmetric system, like 58 Ni+ 60 Ni. In Fig. 7 (a) , a Gaussian distribution,
, with µ = 0.5 and σ = 4 is shown. The distribution is, of course, symmetric by definition. In the case of symmetric reactions, the distribution must also be symmetric and TDRPA should work well (as long as the distribution remains approximately Gaussian). On the other hand, in Fig. 7 (b) , we show a skew-normal distribution with the average value µ = 0.5, standard deviation σ = 4 and skewness s = 0.5, as an illustrative example. Because of the positive skewness, the distribution is slightly leaning to the left, showing a longer tail toward the right. As can be seen from the figure, the average value of the skewed distribution does not correspond to the peak centroid, and the curvature around the mean is more moderate compared to the Gaussian distribution shown in Fig. 7 (a) . Since TDRPA detects the curvature of the distribution around the average value assuming the Gaussian distribution, it could provide an unphysically large value as illustrated in the figure. One may need to extend the theoretical framework to take into account higher-order terms, like the skewness, to correctly describe the fluctuations and correlations in asymmetric reactions. This goes beyond the scope of the present work.
Nevertheless, the equivalent of Fig. 3(a) in the 
2 , is also shown by black crosses.
manuscript is provided for the symmetric and asymmetric calculations in Fig. 8 , in order to allow a visual comparison of the two results. As one can see, the σ M R values for the asymmetric reaction are unphysical for small impact parameters, but eventually converge to those for the symmetric calculations at larger impact parameters.
FLUCTUATIONS AND CORRELATIONS
Let us briefly investigate fluctuations and correlations in deep-inelastic 60 Ni+ 60 Ni reaction at the highest incident energy examined (E/V B = 1.40). In Fig. 9 , we show fluctuations of mass, neutron, and charge numbers from TDHF, σ From the figure, we find that, for reactions at relatively large impact parameters (b 6.5 fm), the fluctuations from TDHF and TDRPA are quantitatively very similar to each other. In this case, the neutron-number fluctuation is significantly larger than that of protons, and correlations (σ N Z , pink triangles) are several times smaller than the proton-number fluctuation.
As the impact parameter decreases (b 6 fm), we see that the fluctuations from TDHF and TDRPA start to deviate noticeably. In this regime, the magnitude of the correlations becomes comparable to the protonnumber fluctuation, and TDRPA provides significantly larger fluctuations as compared to the TDHF results. These results are consistent with the observation in the 40 Ca+ 40 Ca reaction reported in Ref. [3] . As we computed the neutron-and proton-number fluctuations as well as the correlations between them, we can compute the mass fluctuation from the identity, σ
As this expression serves an accuracy test of the computation, the mass fluctuation computed in the latter way is also shown in Fig. 9 by black crosses. As can be seen from the figure, the results coincide with those evaluated with Eq. (3) . Actual values are given in Sec. .
TABLES OF TDHF AND TDRPA RESULTS
Here we provide numerical results of the TDHF and TDRPA calculations for the 60 Ni+ 60 Ni reaction in Table I. 
